The crystal structure of the GdNi 3 Ga 9 compound was refined on X-ray powder diffraction data collected for a sample of composition Gd 7.7 Ni 23.1 Ga 69.2 . The phase composition determined by X-ray diffraction was confirmed by energy-dispersive X-ray spectroscopy. The refinement of the crystal structure of GdNi 3 Ga 9 was carried using the structure model defined on DyNi 3 Al 9 (Pearson symbol hR99, space group R32, a = 0.72624(1), c = 2.74876(5) nm). The structure type DyNi 3 Al 9 is intermediate between the R 0.67 Ni 2 Al 6 type in space group P-6m2 (statistical arrangement of rare-earth atoms and Al atom triangles), and the fully ordered structure type ErNi 3 Al 9 with the same supercell and space group R32. X-ray powder diffraction / Energy-dispersive X-ray spectroscopy / Crystal structure / GdNi 3 Ga 9
Introduction
The R-Ni-Ga systems, where R is a rare-earth metal (Sc, Y, La-Lu), are rich in intermetallic compounds, as more than 270 ternary compounds formed by these metals and crystallizing with some 50 different structure types and stoichiometries, have been reported [1, 2] . KHg 2 (Pearson symbol oI12, space group Imma), W 2 CoB 2 (oI10, Immm), PrNi 2 Al 3 (hP6, P6/mmm), YNi 2 Al 3 (hP18, P6/mmm), CeNi 3 (hP24, P6 3 /mmc), TiNiSi (oP12, Pnma), MgCuAl 2 (oS16, Cmcm), Ce 3 Ni 6 Si 2 (cI44, Im-3m), YNiAl 4 (oS24, Cmcm), and CaIn 2 (hP6, P6 3 /mmc) are among the most common structure types for this kind of system [2] . A brief summary of crystallographic data for these structure types and their occurrence in R-Ni-Ga systems is given in Table 1 .
A recent investigation of the Yb-Ni-Ga system revealed the existence of Yb 0.67 Ni 2 Ga 6 [3] , a new ternary compound in the Ga-rich region, which crystallizes with a partially disordered structure. This structure type, here referred to as R 0.67 Ni 2 Al 6 (hP11, P-6m2), was predicted during an investigation of the ordered superstructure type ErNi 3 Al 9 (hR78, R32) [4] and first observed for three quaternary compositions R 0.67 T 2 Ga 6-x Tt x , where R is a rare earth, T a transition metal and Tt a tetrelide (Ge or Si) [5] . Crystallographic data for the compounds reported to crystallize with this disordered structure are listed in Table 2 . In order to find other isostructural compounds, a series of alloys was synthesized. This work focuses on the results of the investigation of a sample of composition Gd 7.7 Ni 23.1 Ga 69.2 . Crystallographic data for known ternary compounds formed by Gd, Ni, and Ga [2] are summarized in Table 3 .
Experimental
The Gd 7.7 Ni 23.1 Ga 69.2 sample was synthesized by arcmelting chemically pure (≥ 99.89 mass %) elements under a purified argon atmosphere. The mass of the sample was 1 g and the mass loss during the preparation was less than 1 % of the total mass. The alloy was annealed at 600°C for 88 days in an evacuated quartz ampoule, and subsequently quenched in cold water. The crystal structure was refined from an X-ray powder diffraction pattern recorded with a STOE Stadi P diffractometer (Cu Kα 1 radiation), using the program package FullProf Suite [7] . TYPIX [8] was used to identify the structure types and standardize the structural parameters. The elemental composition, qualitative and quantitative, was determined by energy-dispersive X-ray spectroscopy (EDS), using an INCA Energy 350 microanalysis system and a scanning electron microscope ZEISS EVO 40XVP. In order to verify the phase composition determined by X-ray powder diffraction, EDS analysis of the individual phases was conducted using an AZtecLive real-time chemical imaging device and an Ultim Max Silicon Drift Detector. Table 3 Crystallographic data for known ternary compounds in the Gd-Ni-Ga system [2] . 
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Results and discussion
The results of local and average EDS analysis of the Gd 7.7 Ni 23.1 Ga 69.2 sample surface showed good agreement with the nominal composition (Table 4) , as well as homogeneity of the sample (Fig. 1 ). The sample was found to contain three phases: a new ternary phase of composition GdNi 3 Ga 9 , the binary phase Ni 2 Ga 3 (structure type Ni 2 Al 3 ) and the ternary phase GdNiGa 4 (structure type YNiAl 4 ).
The results of the EDS analysis of the individual phases of the Gd 7.7 Ni 23.1 Ga 69.2 sample (Fig. 2) showed that the measured compositions of the phases are in good agreement with the theoretical ones ( Table 5 ). Based on our previous investigation of the Yb-Ni-Ga system [3] , and the report on the Ge-containing sample of neighboring composition [5] , we made a preliminary hypothesis assuming the presence of a disordered R 0.67 Ni 2 Al 6 -type phase, space group P-6m2. The atomic coordinates of the initial model for the refinement of the structure of the new compound were taken from the Yb 0.67 Ni 2 Ga 6 compound [3] . The occupancy of Wyckoff position 1a by Gd atoms was fixed to 0.667 and that of the site in Wyckoff position 3j, occupied by Ga atoms, was fixed to 0.333. The refinement proceeded to a Bragg factor of R B = 0.0692 and the R 0.67 Ni 2 Al 6 model satisfactorily described the majority of the peaks found in the experimental diffraction pattern. However, a detailed analysis of the 2θ region 30-48° (see inset of Fig. 3 ) showed that the experimental diffraction pattern contained at least two peaks (at 40.10° and 41.33°) that were not described by the R 0.67 Ni 2 Al 6 model, which could indicate ordering of the atoms and formation of a superstructure. As stated previously [4] [5] [6] , the R 0.67 Ni 2 Al 6 structure is closely related to the structure types ErNi 3 Al 9 (Pearson symbol hR78, space group R32) and DyNi 3 Al 9 (Pearson symbol hR99, space group R32). Consequently, these models were used to try to fit the experimental diffraction pattern at the next step of our investigation. The atomic coordinates and isotropic displacement parameters refined for the GdNi 3 Ga 9 compound assuming the partly ordered structure type DyNi 3 Ga 9 are listed in Table 6 . The occupancies of all the sites susceptible to contain vacancies according to the structure type were refined, but some constraints were applied. Details of the Rietveld refinement of the quantitatively predominant phase in the Gd 7.7 Ni 23.1 Ga 69.2 sample, GdNi 3 Ga 9 , are given in Table 7 . The experimental, calculated and difference powder diffraction patterns for the DyNi 3 Ga 9 model are shown in Fig. 3 .
The low intensity peaks, which were not described by the Yb 0.67 Ni 2 Al 6 model are satisfactorily described by the DyNi 3 Al 9 (and ErNi 3 Al 9 ) superstructure models, which confirms a tendency towards ordering for the structure of the GdNi 3 Ga 9 compound. The significant occupancy of site Gd2 (0.394(4)), absent in the ErNi 3 Al 9 type, excludes complete ordering. On the other hand, complete disorder of Gd atoms and Ga atom triangles (smaller unit cell) would correspond to occ(Gd1) = occ(Gd2) = 0.667, which is far from the refined values.
The structures types R 0.67 Ni 2 Al 6 , DyNi 3 Al 9 and ErNi 3 Al 9 are peculiar in the sense that the translation unit along the crystallographic direction [001] contains four successive atomic layers R 0.67 Al-NiAl 2 -Al-NiAl 2 (multiplied by 3 for the R translation of the superstructures), which is illustrated in Fig. 4 . The difference between the structures lies in the R 0.67 Al layers. The R 0.67 Ni 2 Al 6 structure contains a statistical arrangement of R atoms and Al atom triangles, whereas the arrangement of Dy atoms and Al atom triangles in DyNi 3 Al 9 is partially ordered. The ErNi 3 Al 9 structure type is characterized by full ordering of Er atoms and Al atom triangles (Fig. 5) .
For the refinement of the structure of GdNi 3 Ga 9 we assumed that each position 0 0, ⅓ ⅔ and ⅔ ⅓ in the R 0.67 Ga layers is occupied either by a Gd atom or a Ga 3 triangle, and constrained the sums of the occupancies of the sites Gd1 and Ga7, and Gd2 and Ga2, to be equal to 1. Vacancies excluded, the Ga:Gd ratio in the layers cannot exceed 3:2, otherwise too short Ga-Ga distances would occur between neighboring triangles. This implies an additional constraint on the site occupancies: occ(Gd1) + occ(Gd2)/2 ≥ 1. The refined value, 1.044 (5) , is close to unity. For the refinement of DyNi 3 Al 9 [4] , the occupancies were constrained to the stoichiometry 1:3:9, whereas for the refinement of Gd 0.67 Ni 2 Ga 6-x Ge x , the total Ga+Ge content was fixed to 6 atoms per formula unit, but the occupancy of the only Gd site was refined to 0.580(6), i.e. the composition of the layers containing the rareearth atoms was found to be Gd 1.74 □ 0.26 (Ga,Ge) 3 . We believe that the composition of each layer is close to Gd 2 Ga 3 and that the disorder is mainly the result of stacking faults, possibly favored by small deviations from the ideal composition. The result of the EDS analysis, which showed a slight excess of Gd with respect to the stoichiometric amount, supports the idea of partial replacement of Ga atom triangles by Gd atoms, but at the same time some Ga atoms would be replaced by Ni atoms in the intermediate slabs. Table 6 Atomic coordinates and isotropic displacement parameters for the GdNi 3 Ga 9 compound (structure type DyNi 3 Al 9 , Pearson symbol hR99, space group R32, a = 0.72624(1), c = 2.74876(5) nm).
Atomic coordinates Atom
Wyckoff position . 3 Observed, calculated and difference (bottom) X-ray powder diffraction patterns for the Gd 7.7 Ni 23.1 Ga 69.2 sample annealed at 600°C for 88 days; Cu Kα 1 radiation (GdNi 3 Ga 9 -93.6(7) mass %, DyNi 3 Al 9 structure type; Ni 2 Ga 3 -3.7(1) mass %, Ni 2 Al 3 structure type; GdNiGa 4 -2.7(1) mass %, YNiAl 4 structure type). Arrows on the inset indicate the superstructure lines. The crystal structures of the RNi 3 Al 9 compounds, where R is Gd or Er were found to belong to the rhombohedral ErNi 3 Al 9 type, whereas the compounds where R is Y or Dy were refined with the partly disordered DyNi 3 Al 9 type [4] . It should be noted that these compounds are the only ones so far reported to crystallize in the ErNi 3 Al 9 and DyNi 3 Al 9 structure types, respectively. Another partly ordered derivative with a larger supercell was reported for Dy 0.62 Ni 2 Ga 5.25 Ge (hP60, P31c) [5] .
The refinement of the structure of Gd 0.67 Ni 2 Ga 6-x Ge x on single-crystal data was performed in the disordered model R 0.67 Ni 2 Al 3 to a reliability factor of R = 0.027 [5] . The exact amount of Ge could not be determined from X-ray diffraction, but the chemical analysis indicated a composition close to Gd 0.6 Ni 2 Ga 5.3 Ge 0.8 . As mentioned above, the refinement showed vacancies on the Gd site. No attempt was to our knowledge made to synthesize an analogue without Ge. Consecutive R 0.67 Ga layers in these structures are separated by ~9 Å thick slabs and it is easy to imagine that complete order is difficult to achieve and that the degree of disorder in the structure is very sensitive to the experimental conditions. A similar situation was observed for Yb 0.67 Ni 2 Al 3 , which was successfully refined assuming full disorder [6] , but for which a supercell corresponding to partial or complete order has sometimes been reported [2] .
Based on the results established in this work (both X-ray powder diffraction data and EDS analysis), we can state that there exists a ternary equilibrium between the binary phase Ni 2 Ga 3 (structure type Ni 2 Al 3 , hP5, P-3m1), the ternary phase GdNiGa 4 (YNiAl 4 , oS108, Cmcm) and the new ternary compound GdNi 3 Ga 9 (DyNi 3 Al 9 , hR99, R32) in the Gd-Ni-Ga ternary system at 600°C.
Conclusions
The GdNi 3 Ga 9 compound belongs to the DyNi 3 Al 9 -type structure, which is a partially ordered variant of the fully ordered structure type ErNi 3 Al 9 , and the disordered R 0.67 Ni 2 Al 6 type. This is the third compound, after DyNi 3 Al 9 and YNi 3 Al 9 , found to crystallize with a DyNi 3 Al 9 -type structure.
